in 
o 
o 

(N 

<D 



S3 
S3 



Effect of random disorder and spin frustration on the reentrant spin glass phase and 
ferromagnetic phase in stage-2 CU0.93C00.07CI2 graphite intercalation compound near 

the multicritical point 

Itsuko S. SuzukQ and Masatsugu Suzuk{j] 
Department of Physics, State University of New York at Binghamton, Binghamton, New York 13902-6000 

(Dated: February 2, 2008) 

Stage-2 Cuo.93Coo.07O2 graphite intercalation compound magnetically behaves like a reentrant 
ferromagnet near the multicritical point (cmcp ~ 0.96). It undergoes two magnetic phase transi- 
tions at Trsg (= 6.64 ± 0.05 K) and T c (= 8.62 ± 0.05 K). The static and dynamic nature of the 
ferromagnetic and reentrant spin glass phase has been studied using DC and AC magnetic suscep- 
tibility. Characteristic memory phenomena of the DC susceptibility are observed at Trsg and T c . 
The nonlinear AC susceptibility x'3 nas a positive local maximum at Trsg, and a negative local 
minimum at T c . The relaxation time r between Trsg and T c shows a critical slowing down: r with 
x — 13.1 ±0.4 and tq — (2.5 ±0.5) x 10 -13 sec. The influence of the random disorder on the critical 
behavior above T c is clearly observed: a — —0.66, j3 = 0.63, and 7 = 1.40. The exponent of a is far 
from that of 3D Heisenberg model. 

PACS numbers: 75.10.Nr, 75.50.Lk, 75.40.Gb, 75.30.Kz 
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I. INTRODUCTION 

Magnetic phase transitions in reentrant ferromagnets 
are one of the most intriguing topics which have been ex- 
tensively studied in recent years ^aSai^ The competing 
ferromagnetic (FM) and antiferromagnetic (AFM) inter- 
actions lead to a very peculiar phase diagram character- 
ized by reentrance phenomena. The system undergoes a 
paramagnetic (PM) phase to FM phase at a ferromag- 
netic critical temperature T c , and a FM phase to a reen- 
trant spin glass (RSG) phase at a reentrant spin glass 
transition temperature Trsg- 

Stage-2 Cu c Coi_ c Cl2 graphite intercalation com- 
pounds (GIC's) is one of reentrant ferromagnets The 
structure of these systems is characterized by a stag- 
ing structure. The Cu c Coi_ c Cl2 intercalate layers sand- 
wiched by adjacent graphene sheets are periodically 
stacked along the c axis. The Cu c Coi_ c Cl2 intercalate 
layer consists of Cu c Coi_ c layers sandwiched by adja- 
cent CI layers. Because of the large separation distance 
between adjacent Cu c Coi_ c layers, these systems mag- 
netically behave like a quasi 2D random spin system. In 
each Cu c Coi_ c layers Cu 2+ and Co 2+ ions are randomly 
distributed on the lattice sites. The spin frustration ef- 
fect occurs as a result of the competition between the 
FM interactions (Co 2+ - Co 2+ and Co 2+ - Cu 2+ ) and 
the AFM interaction (Cu 2+ - Cu 2+ ). In a pure statge-2 
CuCi2 GIC (c = 1) there is another type of spin frus- 
tration effect arising from the frustrated nature of the 
system: the antiferromagnet on the isosceles triangular 
latticed 

The magnetic phase diagram of these systems depends 
on the Cu concentration. The system with c > 0.4 mag- 
netically behaves like a reentrant ferromagnet (see Fig. 
for the magnetic phase diagram) The phase transi- 
tions occur at a RSG transition temperature (Trsg) and 
a Curie temperature (T c ). The intermediate phase be- 
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FIG. 1: (Color online) Magnetic phase diagram of stage-2 
Cu c Coi_ c Cl 2 GIC for 0.7 < c < 1. The multicritical point is 
located at cmcp ~ 0.96 and Tmcp ~ 8.8 K. The solid lines 
are guide to the eyes. 



tween T c and Trsg is the FM phase and the low temper- 
ature phase is the RSG phase. With further increasing 
the Cu concentration above c = 0.93, the spin frustra- 
tion effect is much more enhanced. Above a multicriti- 
cal point cmcp (cmcp ~ 0.96), a FM long range order 
no longer exists. Only the spin glass phase survives for 
cmcp < c < 1. For stage-2 CuCl2 GIC (c = 1), no phase 
transition occurs at least above T = 0.3 K, mainly be- 
cause of the frustrated nature of the 2D antiferromagnet 
on the isosceles triangular latticed 

In the present paper, we report our experimental study 
on the magnetic phase transitions of reentrant ferromag- 
net, stage-2 CU0.93C00.07CI2 GIC (T RSG = 6.64 K and T c 



2 



= 8.62 K) near c = c M cp where the PM-FM, FM-RSG 
and RSG-SG and SG-PM boundaries merge. Because 
of the enhanced frustrated nature of the system, the FM 
phase may be very different from an ideal FM phase with 
long range order. It may be ferromagnetic chaotic phase 
with short range order. 

The static and dynamic nature of the RSG and FM 
phases is extensively studied from the measurements of 
DC and AC magnetic susceptibility using a SQUID mag- 
netometer. Our study includes the T dependence of non- 
linear AC magnetic susceptibility, the memory phenom- 
ena of DC magnetization, the dynamic scaling relation of 
the absorption x"^, T), and the scaling plot of x'(T, H) 
above T c . Detail of the aging dynamics of the present sys- 
tem will be presented elsewhere. For 0.4 < c < 0.8, the 
absorption of the AC magnetic susceptibility x" clearly 
exhibits two peaks at Trsg and T C ^L while for c = 0.93, 
no peak in x" is observed at Trsg (see Sec. IIIIE)l . The 
existence of the RSG phase for c = 0.93 is experimentally 
confirmed from the above methods. 



II. EXPERIMENTAL PROCEDURE 

The detail of the sample characterization of stage- 
2 CU0.93C00.07CI2 GIC was reported in our previous 
paper .= The stoichiometry of the system is given by 
C„Cuo.93Co .o7Cl 2 with n — 11.42. Cu 2+ and Co 2+ ions 
arc randomly distributed on the triangular lattice sites of 
the Cuo.93Coo.07 intercalate layer. The repeat distance 
between adjacent intercalate layers is d — 12.80 ± 0.05 
A. The DC magnetization and AC magnetic suscepti- 
bility were measured using a SQUID (superconducting 
quantum interference device) magnetometer (Quantum 
Design MPMS XL-5) with an ultralow field capability as 
option. The detail of each experimental procedure will be 
described in Sec. lIIII The nonlinear AC magnetic suscep- 
tibility was measured as follows, where h is the amplitude 
of the AC field. After each /i-scan (h = 1 mOc to 4.2 Oe) 
at fixed T, T was increased by AT = 0.1 K in the tem- 
perature range between 1.9 and 12.0 K. The nonlinear 
AC magnetic susceptibility was measured where / = 1 
Hz. The detail of the experimental procedure has been 
reported in our previous papers4*& Experimentally, O^ 
and 0" are the in-phase and out-of phase components of 
the first harmonics of in the AC magnetization: 

! = xi + jx^ + ^ + fjx;/.« + -, (i) 



The least squares fits of the data (Q'-y/h vs h and Q"/h vs 
h) [10 mOe < h < 4.2 Oe] for each T yields the nonlinear 
susceptibility. 



III. RESULT 

A. T dependence of Mzfc, Mfc, Mtrm, Mirm and 
AM (=M fc -Mzfc) 

The measurements of Mzfc, Mpc, Mtrm, an d 
Mirm were made as follows, (i) The zero-field cooled 
magnetization (Mzfc) measurement. The system was 
annealed at 50 K for 1200 sec in the absence of H . The 
system was cooled from 50 to 2 K at H = through the 
ZFC cooling protocol. After the system was aged at 2 K 
for t w = 100 sec at H = 0, the magnetic field is applied at 
H (= 1 Oe) and subsequently Mzfc was measured with 
increasing T from 2 to 12 K at the rate of 0.025 K/minutc. 
(ii) The field cooled magnetization (Mpc) measurement. 
The system was annealed at 50 K for 1200 sec in the 
presence of H . Then the system was quenched from 50 
to 12 K in the presence of H through the FC cooling 
protocol. The magnetization Mpc was measured with 
decreasing T from 12 to 2 K. (hi) The thermoremnant 
magnetization {Mtrm) measurement. The system was 
cooled from 50 to 2 K in the presence of H through the 
FC cooling protocol. After the system was aged at 2 K 
for t w = 100 sec, the field was cut off (H — 0). Then 
the magnetization Mtrm was measured with increasing 
T from 2 to 12 K. (iv) The isothermal remnant magne- 
tization (Mirm) measurement. The system was cooled 
from 50 to 2 K in the absence of H through the ZFC 
cooling protocol. After the system was aged at 2 K for 
t w = 100 sec at H = 0. The field was applied at H and 
then cut off. The magnetization Mir was measured with 
increasing T from 2 to 12 K at H = 0. 

Figure [21 shows the T dependence of Mzfc, Mfcs 
Mtrm, M irm , and AM = M FC - M Z fc at H = 1 Oe. 
Mzfc shows a peak at 7.75 K. The deviation of Mzfc 
from Mpc starts to occur below about 9.8 K, which is 
rather higher than the peak temperature of xzfc- Figure 
13 shows the T dependence of the derivatives dMpc/dT, 
dMiRu/dT, dM TRM /dT and dAM/dT, where H = 1 
Oe. The derivatives dM FC /dT, and dM mM /dT show 
a negative local minimum near T c (= 8.80 K), while 
the derivatives dMTRM/dT and dAM/dT show a neg- 
ative local minimum near Trsg (= 6.64 k). These re- 
sults suggest that the system undergoes two magnetic 
phase transitions at Trsg and T c . The inset of Fig. [21 
shows the T dependence of 6M = AM — AMi, where 
AMi = Mtrm — Mirm- The difference SM is positive 
below 7.5 K. It is negative between 7.5 and 11 K, showing 
a negative local minimum at 8.5 K near T C JQ 

Similar experiments have been carried out at H = 
5 Oe. The results are as follows. Both the derivative 
dMTRM/dT and dAM/dT exhibit a negative local min- 
imum at Trsg(H = 5 Oe) s=s 6 K, which is indicative of 
the decrease of Trsg [H) with increasing H from H = 1 
to 5 Oe. In contrast, the derivative dMpc/dT exhibits 
a local maximum at T C (H = 5 Oe) = 8.8 K, indicating 
a slight increase of T C (H) with increasing H from 1 to 5 
Oe. 
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FIG. 2: (Color online) (a) T dependence of M FC , Mzfc, 
Mtrm, and Mirm at H = 1 Oe. (b) T dependence of the 
difference SM = AM - AMi, where AM = M FC - Mzfc- 
AM! = M T rm - M IRM ■ The T dependence of AM and A Mi 
is shown in the inset. 

The aging dynamics of this system will be reported 
elsewhere iii Here we note that the relaxation rate S(t) 
(= dxz_Fc(^)/dlnt) exhibits a peak at a peak time t cr . 
We find that the peak height of S(t) at t = t cr shows a 
local maximum at Trsg, but no anomaly at T c . 



B. Nonlinear AC magnetic susceptibility 

Figure 0] shows the T dependence of the dispersion 
(Q'x/h) and the absorption (Q'x/h) of the AC magnetic 
susceptibility, where / = 1 Hz. The different curves cor- 
respond to different amplitude of the AC field, 1 mOc 
< h < 4.2 Oe. The features of Q'x/h vs T and Q'{/h vs T 
are summarized as follows. Both Q'x/h and Q"/h exhibit 
a peak at a temperature between Trsg and T c . These 
peaks linearly shift to the low-T side with increasing the 



AC amplitude h. The curve of Q'x/h vs T is independent 
of h below 6 K, but it is strongly dependent on h at tem- 
peratures between 6 and 10 K even far above T c . The 
curve of Q"/h vs T is independent of h below 5 K but 
it is strongly dependent on h at temperatures between 5 
and 10 K. 

Both the FM phase and the RSG phase exhibit strong 
nonlinearities and slow dynamics. There is a character- 
istic AC field h (T), For h < h (T), both Q[/h vs T 
and Q'l/h vs T do not depend on h below Trsg, sug- 
gesting the linear response of the system. Here we dis- 
cuss the nonlinear AC magnetic susceptibility. For con- 
venience, we define A(Q[/h) and A(Q'{/h) as the differ- 
ence between Q'x/h and Q'{/h at h and those at h = 0.01 
Oe. FiguresOJa) and (b) show the plot of A(Q[/h) and 
A(Q"/h) as a function of h 2 , respectively. Both A(Q[/h) 
and A(Q'{/h) are strongly dependent on h 2 between T c 
and Trsg- Figures E{ a) and (b) show the T dependence 
of the nonlinear AC magnetic susceptibility (x'3, Xs; X71 
Xl Xl X") at / = 1 Hz. The T dependence of X 'i (= x') 
and Xi (= x") wlu be discussed in Sec. lIIIEl The linear 
susceptibility (x'i an( i Xi) shows no change of sign, while 
the nonlinear AC susceptibility (x' 3 , Xe>: X7, X3, X5, and 
x") undergoes several changes of sign between 6 and 10 
K. The features of the T dependence of the linear and 
nonlinear AC susceptibilities are summarized as follows. 
The linear dispersion x'i exhibits a peak at 8.10 K. The 
nonlinear dispersion x'3 starts to appear above T = 6.0 K 
as T increases and exhibits a positive local maximum at 
Trsg and a local negative minimum at T c , which is much 
more pronounced compared with the positive local maxi- 
mum. The nonlinear dispersion X5 shows a positive local 
maximum at 6.0 K, a zero crossing at 6.28 K (< Trsg), 
a negative local minimum at 7.42 K, and a positive local 
maximum at T c . The linear absorption x" has a peak 
at 7.75 K. The nonlinear absorption x'3 starts to appear 
above T = 5 K with increasing T, and exhibits a positive 
local maximum at 7.42 K between Trsg and T c and a 
negative local minimum around T c . 

It is predicted from the mean field theory that the non- 
linear DC susceptibility X3 diverges on both sides of T c 
for the PM-FM transition of the FM system^ The sign 
of X3 changes from negative to positive sign as T de- 
creases and crosses T c . On the other hand, X3 diverges 
negatively at Tsg for the PM-SG transition of the SG 
system. 1 '' As far as we know, there has been no theoret- 
ical prediction for X3 vs T for the FM-RSG transition. 
In our system, the sign of the local maximum in x'3 a t 
Trsg is opposite to that of the local minimum in X3 a t 
Tsg m the SG system. On the other hand the sign of the 
local minimum in x'3 at T c is the same as that of the local 
minimum in X3 at T c in the FM system. Here we note 
that similar phenomena are also observed in x'3 an d X3 
for the reentrant ferromagnet Ni77FeiMn22«^ The non- 
linear dispersion x'3 exhibits a negative local minimum at 
Trsg and a positive local maximum at T c . The nonlinear 
absorption x'3 exhibits only a negative local minimum at 
T c . No anomaly in x'3 is observed. The sign of x'3 f° r 
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FIG. 3: (Color online) T dependence of &M FC /&T, dM IRM /dT, AM T rm/&T, and dAM/dT. H = 1 and 5 Oe. AM 
M FC - Mzfc- 



Ni77FeiMn 2 2 is opposite to that of our system. 

In summary, x'3 and Xa °f reentrant ferromagnets show 
complicated T dependence in the vicinity of Trsg arid 
T c . The sign and the position of local minimum and 
local maximum are not sufficiently understood in terms 
of the simple mean field theory. This suggests that the T 
dependence of x'3 and x'3 provides a strong measure for 
the degree of frustrated nature of the systems near the 
multicritical point. Further discussion will be presented 
in Sec. HVDl 



C. Memory phenomena in Mzfc and Mtrm 

We have measured two-types of peculiar memory phe- 
nomena for the ZFC and TRM magnetization, which 
have been found in the stage-2 C0CI2 GIC by Matsuura 
et alii^ Here we present our result on memory phenomena 
of Mzfc and Mtrm for stage-2 CU0.93C00.07CI2 GIC, 
which is observed in a series of heating and cooling pro- 
cesses. Such a characteristic phenomenon has been pre- 



dicted theoretically in spin glass based on a successive 
bifurcation model of the energy level scheme below the 
spin freezing temperature^ 

(i) ZFC case. Before the ZFC magnetization measure- 
ment, a zero-field cooling (ZFC) protocol was carried out. 
It consists of the following processes, (a) annealing of the 
system at 50 K for 1200 sec in the absence of H, (b) 
quenching of the system from 50 K to 2 K, and (c) ag- 
ing the system at Tj = 2 K and H = for a wait time 
t w = 100 sec. Just after the magnetic field (H = 5 Oe) 
is applied to the system, the ZFC magnetization Mzfc 
was measured with increasing T from Tj (= 2 K) to T\ 
(= 5 K) and subsequently with decreasing T from T\ 
to Tj. Next it was measured with increasing T from Tj 
to T2 (= 5.5 K) (the heating process) and subsequently 
with decreasing T from T2 to Tj (the cooling process). 
This process was repeated for the U-turn temperatures 
T r (r = 3 - 11), where T r > T it AT = T r+1 - T r = 
0.5 K and Tn = 10.5 K. Figure EJa) shows a typical 
example of the T dependence of Mzfc using the above 
method. Note that the value of Mzfc lies between those 
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FIG. 4: (Color online) T dependence of (a) the dispersion 
Q'l/h and (b) the absorption Q"/h at various h (= 0.1 - 4.2 
Oe). H = 0. / = 1 Hz. 



of MgpQ and at any T below T c . Here M Z p C is 

measured with increasing T from Tj to 12 K at _ff = 5 
Oe after the ZFC cooling protocol. The magnetization 
is measured with decreasing T from a temperature 
far above T c to Tj in the presence of H (= 5 Oe). For 
T r < TrsGi the value of Mzfc at Tj obtained after the 
cooling process (T = T r — > Tj) is slightly larger than that 
at T r before the cooling process. The path of M Z fc vs 
T in the cooling process (T = T r — ► Tj) is exactly the 
same as that in the subsequent heating process (T = 
T — ► TV), indicating the reversibility of such a series 
of process. The spin configuration imprinted at T r re- 
mains unchanged after the cooling and heating processes 
(T = T r — > Tj — » T r ), indicating a memory phenomenon. 
Even for Tr S g < T < T c , the path of Mzfc vs T in the 
cooling process (T = T r — » T^) still coincides with that 
in the heating process (T = Tj — > T r ). For T 4 > T c , both 
the path of Mzfc m the cooling process (T = T r — > Tj) 
and path of Mzfc ln the heating process (T = Tj — > T-) 
coincide with that of which is obtained by cool- 

ing from the PM phase to T — Tj in the presence of H 
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FIG. 5: (Color online) Plot of A(@i/h) and A(Q"/h) as a 
function of h 2 , where A(Q[/h) and A(Q"/h) are defined as 
the difference between Oi/h and Q"/h at /i and those at h = 
0.01 Oe, respectively. 



= 5 Oe. Figure 02a) shows the T r dependence of Mi 
[= M Z Fc(Ti)} and M r [= M ZFC (T r )] derived from the 
measurement of Mzfc with decreasing T from T r to Tj. 
In Fig. Etc) we show the T r dependence of the difference 
AM?/ C (= M» - M r ). The difference AM? r FC starts 
to increase with increasing T r above Trsg- The curve 
of AM? r FC vs T r for T r > T RSG is well described by a 
straight line, which crosses the T r axis line with AM| fc 
= around T r = Trsg- 

(ii) TRM case. Before the TRM magnetization mea- 
surement, a field cooling (FC) protocol was carried out, 
consisting of (a) annealing of the system at 50 K for 1200 
sec in the presence of H (= 5 Oe), (b) quenching of the 
system from 50 to 2 K, and (c) aging the system at T = 
T = 2 K and H = 5 Oe for a wait time t w = 100 sec. Just 
after the magnetic field was turned off, the TRM magne- 
tization was measured using the same procedure of heat- 
ing and cooling: Tj — > T± — > Tj — > T 2 — > Tj — > T 3 — > Tj — > 
and so on. Figure Efb) shows a typical example of the T 
dependence of Mtrm using this method. The value of 
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FIG. 6: (Color online) T dependence of the nonlinear AC 
susceptibility. / = 1 Hz. (a) X2n+i (ft = 1> 2, and 3) (the 
detail of x'3 vs T is shown in the inset) and (b) X2n+i ( n = lj 
2, and 3). 



Mtrm lies between those of M T e ^ M and M r 1RM at any 
Here the magnetization M T e ^ M is measured 



T below T c . 

with increasing T from Tj to 12 K at H = after the 
FC cooling protocol at a field H c = 5 Oe. The magneti- 
zation Mj^ M is measured with increasing T from T, to 
12 K at H = after the ZFC cooling protocol from 12 to 
Ti, switching H from to 5 Oe, aging the system at H 
= 5 Oe for a wait time t w = 100 sec, and again switching 
H from 5 Oe to 0. For T r < Trsg, the value of Mtrm 
at Ti obtained after the cooling process (T = T r — > Tj) 
is nearly equal to that at T r . The path of Mtrm vs T in 
the cooling process (T = T r — > Ti) coincides with that in 
the heating process (T = T — > T r ), indicating that the 
spin configuration at T r is maintained during the cool- 
ing and heating process between T r and Tj. Even for 
TflSG < T < T c , the path of M T rm vs T in the cool- 
ing process (T = T r — > T) is the same as that in the 
heating process (T = Tj — > T r ). For T r > T c , the path 
of Mtrm vs T in the cooling process (T = T r — > T) is 
the same as that of Mtrm vs T in the heating process 
(T = Tj — >• T r ). In fact, Mtrm in the cooling process 




FIG. 7: (Color online) (a) T dependence of Mzfc in a series 
of heating and cooling processes described in the text, after 
the ZFC cooling protocol from 50 to 2 K. H = 5 Oe. (b) 
T dependence of Mtrm in a series of heating and cooling 
processes described in the text, after the FC cooling protocol 
from 50 to 2 K in the presence of H c = 5 Oe. H — during 
the measurement of Mtrm- 



(T = T r — » Tj) corresponds to Mpc which is obtained 
from the FC cooling under a small remnant field (« 5 
mOe) from the PM phase. Figure [Sfb) shows the T r de- 
pendence of Mi [= M T R M {Ti)} and M r [= M TRM (T r )} 
derived from the measurement of Mtrm with decreasing 
T from T r to Tj. In Fig.|SJc) we show the T r dependence 
of the difference AM™ (= M t - M r ). The difference 
AM™ M is nearly equal to zero for T r < T RSG . This 
suggests that the freezing of the spin configuration oc- 
curs due to considerable slowing-down of response to the 
change of temperature from T — T r to Tj. It undergoes 
a step-like change around T r = Trsg and tends to satu- 
rate for T r > T c . The equilibrated ferromagnetic domains 
grows during the decrease of T from T r (Trsg < T r < T c ) 
to Trsg- They becomes frozen in on further cooling be- 
low Trsg and is retrieved on reheating up to T = T r . 

In conclusion, the memory effect observed for T r < 
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FIG. 8: (Color online) (a) T r dependence of M r and Mi, de- 
rived from the measurement of Mzfc with decreasing T from 
T r (an U-turn temperature) to T x (= 2 K): M» = M Z Fc(Ti) 
and M r = M Z Fc(T r ). (b) T r dependence of M r and Mi, 
derived from the measurement of Mtrm with decreasing T 
from T r to %. Mi = Mtrm (Ti) and M r = M T RAi(T r ). (c) 
T r dependence of AM, r = M t - M r for both the ZFC and 
TRM cases. 
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FIG. 9: (Color online) T dependence of (a) X ' for < H < 50 
Oe, (b) x' for 70 < H < 2000 Oe, and (c) x" for < < 50 
Oe. / = 1 Hz. h = 0.5 Oe. 



D. H-T phase diagram 



Trsg is rather different from that for Trsg <T r <T c for 
both the ZFC and TRM cases. This clearly demonstrates 
the difference in the nature of spin order between the 
RSG phase and the FM phase. 



1 . x' vs T and x" vs T in the presence of H 

Figures |jja) , (b), and (c) show the T dependence of 
X 1 and x" in the presence of H (0 < H < 2500 Oe), 
where / = 1 Hz and h = 0.5 Oe. The peak of x' asso- 
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FIG. 10: (Color online) H-T diagram, where the peak temper- 
atures of x' vs T (•) and \" vs T(0) are plotted as a function 
of T. Negative local minimum temperatures of dAx/dT vs T 
(a) are also plotted as a function of H . A\ = Xfc — Xzfc- 
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FIG. 11: (Color online) (a) H dependence of x'max and tmm 
(= T max /T c - 1), where T c = 8.62 K. (b) Scaling plot of 
Y = x'(T, #)iP /A as a function of X = H/e A . e = T/T c - 1. 
T c = 8.62 K. A = 2.03. 9.3 < T < 13.0 K. 



ciated with the RSG transition shifts to the low-T side 
with increasing H for < H < 10 Oe. The peak height 
drastically decreases with increasing H. At H — 50 Oe, 
a broad peak associated with the FM transition becomes 
pronounced around T = T c , because of the strong sup- 
pression of the broad RSG peak in the presence of H . 
The FM peak shifts to the high-T side with increasing H 
above 100 Oe. In contrast, the peak of \" shifts to the 
low-T side with increasing H (0 < H < 150 Oe). The 
peak height drastically decreases with increasing H and 
reduces to zero above 150 Oe. In Fig. ^3 we show the 
H-T diagram where the peak temperatures of x' an d x" 
are plotted as a function of H . There are two kinds of 
transitions at Trsg{H) and T C (H). The RSG phase is 
suppressed and the FM phase is enhanced by the appli- 
cation of H at least above 20 Oe. The apparent decrease 
in the peak temperature of x" vs T with increasing H at 
low H is due to the decrease in Trsg{H) as a result of the 
suppression in the RSG contribution of x' ■ I n summary, 
Trsg(H) decreases with increasing H, while T C (H) in- 
creases with increasing H. Similar behavior in x' above 
T c in the presence of H has been observed in a 2D XY-like 
ferromagnet K2CuF4»i£ Using the same method used in 
K2CUF4, we examine the static scaling hypothesis for the 
dispersion x'(T,H) above T c in the presence of H. The 
dispersion x'(T, H) is described by a scaling function, 



X'(T,H) 



e^f(H/e A ) 



(3) 



where e = T/T c - 1 and f(H/e A ) and ip(H/e A ) = 
{H/e A )^l A f{H/e A ) are single-valued functions oiH/e A . 
The critical exponent A is defined as A = (3 + 7, where 
(3 and 7 are critical exponents of magnetization and 
susceptibility. We define x'max an d T max as the peak 
height and the peak temperature of the broad peak of 
x'{T,H) vs T at the fixed H, respectively. T max is con- 
sidered to be a temperature below which the magnetic- 
field induced ferromagnetic state appears. Figure ITlT a) 
shows x'max as a function of H. The least-squares fit 
of the data of x'max vs H for 70 Oe< H < 2 kOe to 
a power law form x'max ~ H~ J / A yields the exponent 
7/ A = 0.689 ± 0.001. In Fig. Eta) we also show the de- 
viation tmax (= Tmax/T c — 1) as a function of H, where 
T c = 8.62 K. The least-squares fit of the data to a power 
law form H = H e A ax for 200 Oe < H < 2 kOe yields the 
exponent A = 2.03 ± 0.03 and H = 139 ± 4 Oe. Using 
the scaling relation, a + 2/3 + 7 = 2, we have a = —0.66, 
P = 0.63, and 7 = 1.40, where a is the critical exponent 
of the heat capacity. In Fig. ITlT b) we show a scaling 
plot of Y = x'(T, H)H~</ A as a function of X = H/e A , 
where all the data of x'(T, H) vs T with fixed H (70 Oe 
< H < 2 kOc and 9.3 < T < 14 K) are plotted. Almost 
all the data points are well located on a scaling function 
which has a broad peak around X = 10 4 , indicating the 
validity of the static scaling hypothesis for the present 
system above T c in an external magnetic field. The criti- 



9 




2 3 A 5 6 7 9 S 10 

T(K) 



FIG. 12: (Color online) (a), (b) and (c) T dependence of xfc 
and Xzfc- 1 < H < 600 Oe. The fl-T diagram is shown in 
the inset of (a), where the peak temperatures of Xzfc vs T 
are plotted as a function of T. 



cal exponent obtained here will be discussed in Sec. llV CI 



2. Xzfc vs T , xfc vs T, and Ax vs T in the presence of 

H 

Figure IT21 shows the T dependence of xzfc an d Xfc 
in the presence of the fixed H (H = 1 — 600 Oe). The 




T(K) 

FIG. 13: (Color online) (a) and (b) T dependence of Ax 
(= Xfc — Xzfc) at various H. 



susceptibility xzfc shows a broad peak, which shifts 
to the low-T side with increasing H. Correspondingly, 
the peak height becomes smaller and the peak width be- 
comes broader. The deviation of Xzfc from xfc occurs 
below some characteristic temperature dependent on H . 
The susceptibility xfc is nearly temperature indepen- 
dent at the lowest T. These features are indicative of 
the existence of the RSG phase below Trsg{H). Here 
we define A% as the difference between xfc and xzfc'- 
<-^X = Xfc — Xzfc- This difference provides a mea- 
sure for the irreversibility of susceptibility. In Fig. 1131 we 
show the T dependence of A% at various H . The dif- 
ference A% drastically decreases with increasing T. The 
RSG transition temperature Trsg{H) is usually defined 
as a temperature at which Ax is equal to zero. However, 
it is a little difficult to determine the transition temper- 
ature from this definition for the present system. For 
convenience, we define the RSG transition temperature 
at which the derivative dAx/dT has a negative local min- 
imum. The derivative dAx/dT exhibits a local minimum 
at H = 1, 5, and 10 Oe. The temperature for the nega- 
tive local minimum drastically decreases with increasing 
T. The data thus obtained is plotted in the H-T diagram 



10 



(see the inset of Fig. ITU)) . These data points are located 
near the line for the H vs Trsg where the peak temper- 
atures of x"(T, H) (f = 1 Hz and h = 0.5 Oe) is plotted 
as a function of H . 



3. AT-like transition with an exponent p (= 3/2) 

The inset of Fig. I12f a'l shows the H-T diagram where 
the peak temperature of xzfc is plotted as a function 
of H . This peak temperature at low if is a little higher 
than Trsg (= 6.64 K). The least-squares fit of the data 
(H vs T) in the limited temperature range (2.3 < T < 6 
K) to a power law form 



H = H*(l 



T, 



RSG 



(4) 



yields the exponent p = 1.57 ± 0.12 and a magnetic field 
Hq = 1.16 ± 0.11 kOe, where Trsg is fixed as Trsg 
= 6.64 K. The value of the exponent p is close to an 
AT value predicted by de Almeida and Thouless (AT): 
p = 3/2»i& This result indicates the SG-like nature of 
RSG phase for the transition at Trsg- Note that in the 
droplet picture^ the SG transition can be destroyed in 
the absence of H. In fact, this picture is experimen- 
tally supported for Feo.sMno.sTiO^ and Cuo.5Coo.5O2- 
FCCI3 graphite bi- intercalation compound (GBIC)i^i 



E. 



/ and T dependence of \ and x" 



Figures I14f a) and (b) show the T dependence of the 
dispersion x'(w,T) and the absorption x"(w,T) at vari- 
ous / (0.01 < / < 1000 Hz). Since we use the AC field 
with h = 0.5 Oe, we have x! ~ x[ an d x" ~ Xi- The 
absorption x" exhibits a peak at T — 6.66 K for / = 0.01 
Hz, while the dispersion x! exhibits a peak at T = 7.65 K 
for / = 0.01 Hz. The derivative dx"(uJ, T) /dT has a neg- 
ative local minimum at T = 8.48 K, which corresponds 
to the temperature of the inflection point. Note that this 
inflection point does not coincide with the peak temper- 
ature of x'(w,r). Both peaks of x'(w,T) and x"(w,T) 
shift to high T-side with increasing /. 

In Fig. ll4f c') we make a plot of Tx"{uj, T) as a function 
of T. The peak of the curve of T X "(uj,T) vs T shifts 
to the high-T side with increasing /. The peak height 
increases with increasing / in the limited frequency range 
(0.01 < / < 10 Hz). Here we assume that Tx"{u,T) can 
be described by a dynamic scaling law above Trsg^ 
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FIG. 14: (Color online) T dependence of (a) x' and (b) \" at 
various /. 0.01 < / < 1000 Hz. ft = 0.5 Oe. H = Oe. (c) T 
dependence of Tx"(lo,T) at various / (0.01 < / < 1000 Hz), 
ft = 0.5 Oe. H — Oe. 



scaling functions 



(5) 



G(C) = C fesG/x 5(C), 



(6) 



where u (= 2irf) is the angular frequency, Prsg is a The relaxation time r diverges on approaching Trsg 
critical exponent, and G(Q and g(£) with C = lot are from the high-T side (a conventional critical slowing 
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FIG. 15: (Color online) (a) Peak height of the data of 
Tx"{lo,T) vs T, denoted as [Tx" (ui,T)] max as a function of 
/• 0.01 < / < 10 Hz. (b) Plot of logmr vs logi e flS G for 
Tx'V,T) vs T. 6rsg = T/Trsg - I. 7.2 < T < 8.0 K. 
Trsg = 6.64 K. The solid lines denote a least-squares fitting 
curve. The fitting parameters are given in the text, (c) Scal- 
ing plot of Y = T X "(lo, T) /lo i3rsg/x as a function of X = ur. 
0-01 < / < 0.7 Hz. Prsg/x = 0.0199. The expression of r is 
described in the text. 



(7) 



where Tq is a microscopic relaxation time, e = T/Trsg ~ 
1, a; = vz, z is a dynamic critical exponent, and ^ is 
the exponent for the spin correlation length. For sim- 
plicity, we assume that the scaling function g(u)r) has 
a peak at lot = 1. In other words, it follows that 
Tx"{lo,T)/u}I 3rsg / x exhibits a peak at the peak tem- 
perature at which lot — 1. Figure I15f a1 shows the 
peak height of the data of Tx"(lo,T) vs T, denoted as 
{Tx"(u,T)) max , as a function of /. The peak height 
increases with increasing / for 0.01 < / < 100 Hz, 
showing a local maximum at / = 100 Hz, and de- 
creases with further increasing /. The least squares fit 
of the data ([Tx"(oj, T)] max vs /) to a power law form 
(lo 0rsg / x ) for 0.01 < / < 10 Hz yields the exponent 
Prsg/x = 0.0199±0.0004. This value oif3 RSG /x is much 
smaller than that (= 0.071 ±0.005) reported for the reen- 
trant Ising spin glass Feo.62Mn .3sTi03i^ Figure HoT b) 
shows the T dependence of the relaxation time r, where 
t = 1/lo and T is the peak temperature of Tx"(w,T) 
vs T . The relaxation time r drastically increases with 
decreasing T. The least-squares fit of the data of r vs T 
for 0.01 < / < 10 Hz and 6.8 < T < 8 K to Eq.0 yields 
the parameters T RSG = 6.64 ± 0.1 K, x = 13.1 ± 0.4 and 
t * = (2.5 ± 0.5) x 10~ 13 sec. In Fig.UjJb) we show the 
plot of logio(r) vs \og 10 {T/T RSG ~ 1) with T RSG = 6.64 
K, where the solid line denotes the best-fit line. The value 
of x in the present system is very close to that of a reen- 
trant Ising spin glass Feo.62Mn .3sTi03 (x = 13 ± 2)w& 
Thus the transition from the FM phase to the RSG phase 
is dynamically similar to an ordinary transition from the 
PM phase to the SG phase in spin glass systems. Figure 
UTTcj shows a scaling plot of Y = Tx"(lo, T)juo^ RSG l x 
as a function of X = lot, where 0.01 < / < 10 Hz , 
Prsg/x = 0.0199, and T RSG = 6.64 K. It seems that 
almost all the data fall well on an unique scaling func- 
tion of lot, which has a very broad peak centered at lot 
= 0.1, partly because of the broad distribution of the 
relaxation times over the system. The critical exponent 
Prsg is estimated as (3 R sg — 0.25 ± 0.02. This value 
of /3 R sg is smaller than those of /3 R sg for the reentrant 
ferromagnet Cuo^Coo.sCla-FeCla GBIC {f} RSG = 0.57)£ 
and Psg for the 3D Ising spin glass Cuo.sCoo.sC^-FeCla 
GBIC (j3 SG = 0.36 ± 0.04)^i 

In summary, the feature of the RSG-FM transition for 
stage-2 C00.93C00.07CI2 GIC is characterized by small 
Prsg {— 0.25) and the divergence of the relaxation time 
obeying a power law form given by Eq.JJJ) with large x 
(= 13.1), t * = (2.5 ± 0.5) x 10~ 13 sec, and T RSG = 6.64 
K. 
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FIG. 16: (Color online) / dependence of (a) \ an d (b) x" a t 
various T. h = 0.5 Oe. H = Oe. T = 2.4 - 11 K. (c) T 
dependence of the exponent a", a', Aa = a" — a'. x'i^tT) ~ 
uj a ' and x"(u,T) M w a " for 0.01 < / < 0.1 Hz. 



exhibit different characteristics depending on T. For 
T < 6.4 K, ^"(o;,T) decreases with increasing /. For 
6.5 < T < 8.0 K, x"(w,T) shows a peak at a character- 
istic frequency, shifting to the low /-side as T decreases. 
For T > 8.1 K ^'{w, T) decreases with increasing /. It is 
predicted from the scaling law given by Eq.© the u> de- 
pendence of x"( w j ^)/Xmax at the fixed T coincides with 
that of the scaling function G(uit) itself, where Xmax i s 
the maximum of x"( w ; T) vs / at the fixed T. In contrast, 
x'{oj,T) decreases with increasing / at any T. 

We find that xV> T ) and x"(u,T) (1.9 < T < 10.6 
K) are well described by power law forms, 



X V,T)«^' and x w (w,T)ww° 



(8) 



in the limited frequency range (0.01 < / < 0.1 Hz), 
respectively, where a' and a" are the temperature- 
dependent exponents. In Fig. I16f c) we show the T de- 



pendence of a', a", and Aa = a" 



We find that the 



exponent a" is equal to zero at T = Trsg- Below Trsg, 
x"(^, T) decreases with increasing / for 0.01 < / < 1000 
Hz, while above Trsg x"( uj tT) increases with / at low 
/, exhibiting a peak, and decreases with further increas- 
ing /. The exponent a" shows a broad peak around T = 
9.5 K. The derivative da"/dT undergoes a drastic change 
near T c = 8.6 and 4.5 K. According to the fluctuation and 
dissipation theorem, the magnetic noise power S(u>, T) is 
related to x"(w,T) by 2 ^ 



(9) 



where fcs is the Boltzmann constant. Our result of a" 
— only at T = Trsg indicates that the purely l/f 
character of the noise spectra appears at T = Trsg i n 
the present system. 

The exponent a' is negative for any T and exhibits a 
negative local minimum around 3 K. It increases with 
increasing T: a' w —0.07 at T = Trsg- It is predicted 
that x"( LU 7T) is related to x'i^iT) by a so-called 7r/2 
rule2& 



X>,T) 



2 dlnuj 



7T dx'(LO,T) 

~2 U 8uj ' 



(10) 



In the present sys- 
tem, this relation does not hold valid for low frequencies 
(0.01 < / < 1 Hz). The difference Aa = a" - a' is equal 
to 0.07 - 0.08 for 4 < T < 7.2 K. Note that Aa = at 
T w 2.8 K. 



F. / dependence of x'(u,T) and x"( w . T ) vs T at 
fixed T 

Figures I16f a) and (b) show the / dependence of 
x'(w,T) and x"(u,T) at fixed T, where 0.01 < / < 1000 
Hz and h — 0.5 Oe. The absorption x"^^) curves 



IV. DISCUSSION 

A. Ferromagnetic exchange interaction between 
Cu 2+ and Co 2+ 

In the present system Cu 2+ and Co 2+ ions are ran- 
domly distributed on the triangular lattice. First we 
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show that the intraplanar exchange interaction J(Co- 
Cu) between the nearest neighbor pairs of Cu 2+ and 
Co 2+ ions should be ferromagnetic. To this end, we 
have measured the T dependence of xfc at H = 1 
kOe for the present system (c = 0.93). The magnetic 
susceptibility for 150 < T < 300 K obeys a Curic- 



respectively, where 9(0) = 23.2 K and P e //(0) = 5.54^s 
for stage-2 CoCl 2 GIC and 9(1) = -100.9 K, P e //(1) = 
2.26/is for stage-2 CuCl2 GIC & The exchange interaction 
J(Cu-Co) may be expressed by a form 

J(Cu-Co) = evV(Cu-Cu)J(Co-Co)|, (12) 

where J(Co-Co) [= 9(0)/3 = 7.73 K] and J(Cu-Cu) 
[= 9(l)/3 = —33.63 K] are the intraplanar exchange 
interactions between the nearest neighbor (Cu 2+ -Cu 2+ ) 
ion pairs and (Co 2+ -Co 2+ ) ion pairs, respectively, and e 
is only a parameter to be determined. From Ea. (|llfl with 
c = 0.93 and 9(c = 0.93) = -38.22±3.10 K, the parame- 
ter e can be uniquely determined as e = 2.26±0.02, which 
leads to J(Cu-Co) = 36.50 K. Note that the magnitude 
of FM interaction J(Cu-Co) is almost the same as that 
of AFM interaction J(Cu-Cu). This result suggests that 
the competition between mainly these two interactions 
gives rise to the spin frustration effect at c = 0.93, form- 
ing a model equivalent to ± J spin glass model. The sign 
of 9(c) changes at cq = 0.848 from positive to negative 
with increasing Cu concentration. This Cu concentration 
cq is a little smaller than cmcp (~ 0.96). 



B. Magnetic phase diagram (c vs T) 

It has been theoretically predicted that the spin frus- 
tration plays an important role in 2D antiferromagnets 
on the triangular lattice (AFT). The phase transition 
of the AFT model depends on the nature of the spin 
symmetry. When interactions are restricted to nearest- 
neighbor spins, the AFT Ising model shows no phase 
transition at any temperature because of a degeneracy of 
the ground state caused by spin frustration^ For Heisen- 
berg symmetry, 2 ~ the AFT model predicts a more com- 
plex phase transition, driven by the dissociation of pairs 
of vortices formed of chirality vectors. 

The stage-2 CuCl2 GIC (c = 1) magnetically behaves 
like a quasi 2D Heisenberg-like antiferromagnet (S = 1/2) 
on the isosceles triangular lattice. Because of fully frus- 
trated nature of the system, no magnetic phase transition 
is observed at least above 0.3 KS, In the weak dilution 



Weiss law with the effective magnetic moment P e / / (c = 
0.93) = 2.42 ± 0.03^s and the Curie- Weiss temperature 
9(c = 0.93) = -38.22 ± 3.10 K. According to the molec- 
ular field theory, the Curie- Weiss temperature 9(c) for 
stage-2 Cu c Coi_ c Cl2 GIC can be expressed by 9 - 



(11) 

I 

limit (c ~ 1), there occurs another type of spin frustra- 
tion effect due to the competition between the FM in- 
teraction J(Cu-Co) and the AFM interaction J(Cu-Cu), 
in addition to the spin frustration effect of the 2D AFT 
type. 

These spin frustration effects lead to a complicated 
magnetic phase diagram (c vs T). For c = 0.97 a spin 
glass phase appears below T$g = 6.35 K. For c = 0.93, 
the system undergoes two magnetic phase transitions at 
Trsg (= 6.64 K) and T c (= 8.62 K). The magnetic phase 
diagram for c > 0.4 consists of the PM, RSG, FM and 
SG phases. The PM-FM line, the FM-RSG line, the SG- 
PM line intersect a multicritical point (MCP) at (cmcp, 
Tmcp), where cmcp ~ 0-96 and Tmcp — 8.8 K. Near 
the MCP point (c < cmpg), there is a subtle interplay 
between the FM long range order, and the random disor- 
der and spin frustration of the RSG phase. At the present 
stage, the nature of the SG phase for cmcp < c < 1 has 
not been sufficiently examined yet. The shift in the MCP 
toward the Cu-rich end is the result of the ferromagnetic 
Cu-Co interaction. If one of Co 2+ and Cu 2+ ions is non- 
magnetic, the critical temperature reduces to zero at the 
percolation threshold concentration (c p = 0.5) for the 2D 
triangular lattice. In fact, in stage-2 Co c Mgi_ c Ci2 GIC 29 
where Mg is nonmagnetic, the transition temperature as- 
sociated with the PM-FM transition tends to reduce to 
zero at c « 0.5. 



C. Anomaly in critical exponent a associated with 
the PM-FM transition 

We discuss the critical exponents of the reentrant ferro- 
magnets near the MCP along the PM-FM line. The sys- 
tem undergoes two transitions at T c and Trsg- As the 
concentration approaches the MCP, T c becomes closer to 
Trsg from the higher-T side. It is considered that the 
critical behavior near the PM-FM transition temperature 
T c is strongly influenced by the random disorder and spin 
frustration. In fact, we show that the critical behavior of 
our system at T c (= 8.62 K) is characterized by the criti- 
cal exponents a = —0.66, /3 = 0.63, and 7 = 1.40, where 
Trsg = 6.64 K. These critical exponents are rather dif- 



= c2p e//(l)e(l) + (1 - c) 2 P 2 // (0)9(0) + 2ec(l - ^19(1)9(0)1^(1)^(0) 
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ferent from those predicted form the conventional models 
(2D Ising and XY models and the 3D Ising and XY mod- 
els). The exponent 7 of our system (7 = 1.40) is close to 
that for the 3D Heisenberg ferromagnet (a — —0.1336, 
(3 = 0.3689, 7 = 1.3960, and v = 0.7112) 30 , while the 
critical exponents a and (3 are rather close to those of 
the 3D spherical model (a — — 1, (3 = 0.5, 7 = 2, and <5 
= 5)ii 

Similar critical behavior at T — T c has been observed 
in several reentrant ferromagnets near the MCP. Yeshu- 
run et ali 3 ^ have studied the critical behavior of amor- 
phous reentrant ferromagnet (Fei_ c Mn c )75Pi6B6A;3 at 
c = 0.32 (cmcp = 0.36) along the PM-FM line: (3 = 
0.40 ± 0.03, <5 = 5.3 ± 0.3, where T c = 100 K and T RSG 
= 38 K. Using the scaling relations a + 2(3 + 7 = 2 and 
S = ((3 + 7)//?, the exponents a and 7 are calculated 
as a = —0.52 and 7 = 1.72. Yeshurun et al^ have 
also reported the critical exponents of the reentrant fer- 
romagnet (Fei_ c Ni c )7 5 Pi 6 B 6 A;3 at c = 0.80 (c A /cp = 
0.83) along the PM-FM line at the PM-FM transition; 
a = -0.4, (3 = 0.40 ± 0.04, 7 = 1.6, and 6 = 5.0 ± 0.4, 
where T c = 90 K and T RSG = 21 K. Pouget et a\M have 
examined the critical exponents of the reentrant ferro- 
magnet CdCr( 2 _2c)Iri(2e)S4 at c = 0.05 (cmcp = 0.15), 
T c = 68.5 K and Trsg = 10.8 K. The system with c = 
is a 3D Heisenberg ferromagnet. The critical exponents 
(a = -0.01, (3 = 0.32, 7 = 1.37, and v = 0.70) are com- 
patible with those for the 3D Heisenberg ferromagnet. A 
drastic change in the critical exponents is observed for 
the diluted system with c = 0.05 (a = —0.57, (3 = 0.30, 
7 = 1.97). 

Thus it may be concluded from the above results that 
a negative large value of the heat capacity exponent a 
(= —0.4 0.66) is a feature common to the critical be- 
havior of reentrant ferromagnets near the MPC. In our 
case, the pure system (c = 1) belongs to the universality 
class of the 3D Heisenberg model (a = —0.1336) in spite 
of no phase transition. The heat capacity exponent of 
our system with c = 0.93 is a weakly diluted random sys- 
tem, where only 7 % of Cu 2+ ions are randomly replaced 
by Co 2+ ions. It seems that our result violates the so- 
called Harris criterion^* According to this criterion, the 
dilution should be relevant only if the specific heat expo- 
nent a of the pure system is positive. In contrast, when 
a < 0, the dilution does not affect the critical behav- 
ior. In other words, the critical exponent of the diluted 
Heisenberg system is the same as that of the pure Heisen- 
berg system. The Harris criterion may not be valid for 
the systems with competing exchange interactions, where 
the degree of disorder and spin frustration are greatly en- 
hanced by the dilution. This result is consistent with the 
flow diagram of the renormalization group theory in the 
(c, T) planed For the dilution of a Heisenberg ferromag- 
net with no competing interactions, the renormalization 
group flow at the PM-FM critical line always ends at the 
critical point of the pure system (c — 1). In the case of 
competing interactions, the renormalization group flow 
always ends at a new fixed point at the critical line. 



D. Nonlinear susceptibility near the MCP 

We show that the T dependence of the nonlinear AC 
susceptibility of our system near the MCP system is much 
more complicated than we expect. The nonlinear disper- 
sion x'3 f° r / = 1 Hz is characterized by the zero value 
below 6 K, a local positive maximum at Trs (= 6.64 K), 
the change of sign from positive to negative around 7.4 
K with increasing T, and a local negative minimum at 
T c . The local negative maximum at T c is much more 
pronounced than the positive local maximum at Trsg- 

Here it is interesting to compare our results of x'3 vs 
T with those of X3 vs T f° r the reentrant ferromagnet 
(Fei_ c Mn c ) 75 Pi 6 B 6 A /3 with c =0.26, 0.30 and 0.32 near 
the MCP (cmpt = 0.36), which have been reported by 
Berndt et ali 36 i 37 These systems undergo two transitions 
at T c and Trsg- For c = 0.26, the nonlinear DC suscep- 
tibility X3 has a single negative local minimum at T c . No 
anomaly is observed at Trsg- For c = 0.30, X3 consists of 
a less pronounced negative local minimum at Trsg and 
a pronounced negative local- minimum at T c . In contrast, 
for c = 0.32, the strength of these anomalies is reversed. 
The nonlinear susceptibility X3 consists of a pronounced 
negative local minimum at Trsg and a less pronounced 
negative local minimum at T c . These results indicate 
that as the concentration c approaches cmpc from the 
low-c side, the contribution of the FM-RSG transition at 
Trsg to X3 is more significant than that of the PM-FM 
transition at T c to X3- Our result of x'3 for / = 1 Hz 
is qualitatively similar to those for c = 0.30, except for 
the difference in the sign of the anomalies of X3 an d x'3 
around Trsg- 



V. CONCLUSION 

We show that the stage-2 CU0.93C00.07CI2 GIC under- 
goes two magnetic phase transitions at Trsg (= 6.64 ± 
0.05 K) and T c (= 8.62 ± 0.05 K). The static and dy- 
namic nature of the RSG and FM phases has been ex- 
tensively studied using various techniques. The nonlin- 
ear AC susceptibility x'3 nas a positive local maximum 
a t Trsg, an d a negative local minimum at T c . Pecu- 
liar memory phenomena for the ZFC and TRM magne- 
tization are observed around Trsg an d T c . The relax- 
ation time t between Trsg an d T c shows a critical slow- 
ing down: r = t$(T/T RS g - l)~ x with x = 13.1 ± 0.4 
and Tq = (2.5 ± 0.5) x 10~ 13 sec. The critical exponent 
(3rsg for the RSG phase is 0.25 ± 0.02, which is much 
smaller than that predicted for SG phase. The influence 
of the random disorder on the critical behavior above T c 
is clearly observed: a = —0.66, (3 = 0.63, and 7 = 1.40. 
The exponents of a and (3 are close to those of 3D spher- 
ical model. The critical temperature Trsg (H) decreases 
with increasing temperature according to power law form 
given by Eq.(0} with the exponent p = 1.57 ± 0.12. This 
value of p is close to p — 3/2 predicted by de Almeida 
and Thouless. 
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